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@ Subsonic venturi proportional and isokinetic sampling methods and apparatus. 

@ Subsonic venturi proportional and isokinetic 
sampling methods and apparatus for use in 
evaluating exhaust emissions from an exhaust 
source which utilizes a pair of calibrated sub- 
sonic venturi restrictions for measuring the 
bufkstream and extracted sample flow rates 
respectively. The subsonic Venturis may be 
specifically configured relative to each other to 
provide isokinetic sampling under specified 
control conditions. 
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BACKGROUND OF THE INVENTION 

This invention relates to subsonic venturi propor- 
tional and isokinetic sampling methods and an appa- 
ratus, and more particularly to an arrangement for de- 
termining the gaseous constituents of exhaust utiliz- 
ing a pair of subsonic venturi restrictions, one for 
measuring the exhaust or exhaust/air flow and the 
other for measuring the flow of an extracted sample, 
wherein the system is designed to provide both pro- 
portional and proportional isokinetic sampling. 

Under present day federal regulations, the ex- 
haust emissions from motor vehicles must not exceed 
specified values of certain constituent contaminants, 
as set forth in the Code of Federal Regulations. See, 
for example. Title 40 of the Code of Federal Regula- 
tions, parts 81-99, subparts A, B, D. E, F, G, K and N. 
See also Kaufman, U.S. Patent No. 3,699.814. The 
presence of such standards has made it Imperative 
that the exhaust emissions from vehicle engines be 
tested and analyzed to determine the relative amount 
of certain constituents therein. Much effort has gone 
into the development of equipment for use In this field 
of exhaust gas sampling, and it is now known to de- 
liver exhaust from an internal combustion engine at 
an accurately controlled flow rate through a test ap- 
paratus for purposes of determining and analyzing 
t h e relative a mounts of constituents t here in . Th e gen- 
eral scheme of such testing is to add dBution air to the 
exhaust. The total volume of the mixture of exhaust 
and dilution air must be measured. A continuously pro- 
portional sample of volume must be collected and Is 
stored for subsequent analysis of constituents such 
as hydrocarbons, carbon monoxide and NO x . Mass 
emissions are determined from the sample concen- 
trations and total flow over the test period. 

Once such system for analyzing samples from ex- 
haust gases Is set forth in U.S. Patent No. 3,699,814 
to Kaufman entitled, "Gas Sampler, ■ issued October 
24, 1 972. The disclosure of this patent is incorporated 
herein by reference. The Kaufman patent is directed 
to a gaseous exhaust emission sampler which re- 
placed the constant displacement pump of prior sys- 
tems with a critical flow venturi and centrifugal blower 
for metering the d luted exhaust emissions at a con- 
stant volume flow. 

Another system utilizes a pair of critical flow Ven- 
turis for proportional sampling. An example of such a 
system is set forth In U.S. Patent No. 3,817,100. In 
another such system, a downstream pump produces 
a sufficient vacuum on the bulkstream critical flow 
venturi exit so that the bulkstream mixture Is flowing 
at sonic velocity, a condition which limits the bulk- 
stream mixture to a constant mass flow rate at a given 
set of upstream temperature and pressure conditions 
measured at the bulkstream critical flow venturi inlet 
A sample is extracted from the dlute bulkstream flow 
through another critical flow venturi In dose proximity 



to the bulkstream critical flow venturi so that the Ven- 
turis are operating under the same Inlet pressure and 
temperature conditions. This sample critical flow ven- 
turi operates in connection with a downstream pump 
5 in the sampling line to create sonic flow, and thereby 
a constant mass flow rate at the measured upstream 
temperature and pressure cond lions. Thus, the sam- 
ple critical flow venturi extracts a sample for analysis 
at a flow rate proportional to the bulkstream flow rate. 

10 Although this type of proportional sampling sys- 

tem using two critical flow Venturis has certain advan- 
tages, it has a disadvantage in that it does not provide 
for active control of the bulkstream or sample flow 
rates to allow static and dynamic sampling of the bulk- 

1 5 stream mixture. Conseque ntly, such prior art systems 
cannot readily accommodate the testing of different 
size internal combustion engines which generate sub- 
stantially different exhaust flow volumes without us- 
ing different bulkstream critical flow Venturis. 

20 It is, therefore, a principal object of this Invention 

to provide improved methods and an apparatus for 
sampling the emission content of exhaust from an ex- 
haust source which provides for active flow control 
and proportional sampling, and may be sized for Iso- 

23 kinetic flow conditions. 

It is another object of this invention to provide 
methods and an apparatus for sampling the emission 
content of exhaust from an exhaust source which util- 
izes a pair of subsonic venturi restrictions that have 

so substantially the same throat pressure for a prese- 
lected ratio of the flow rate of the exhaust to the flow 
rate of the extracted sample through their respective 
venturi throats, providing proportions! sampling. 

35 SUMMARY OF THE INVENTION 

A first embodiment of this Invention Is adapted to 
be embodied In an apparatus for sampling the emis- 
sion content of exhaust from an exhaust source conv 

40 prising an exhaust inlet adapted for connection with 
the exhaust source. A flow establishing device Is cou- 
pled with a flow confining path for establishing a flow 
of the exhaust from the exhaust source in the flow 
confining path. The apparatus further includes 

45 means for measuring the flow rate of the exhaust in- 
cluding a first subsonic venturi restriction and means 
for measuring the flow rate of an extracted sample of 
t he exhaust which includes a second subsonic venturi 
restriction. Means are also provided for controlling the 

60 flow rate of the exhaust through the first subsonic 
venturi restriction and the flow rate of the extracted 
sample through the second subsonic venturi restric- 
tion for obtaining proportional sampling. In accor- 
dance with another feature of this embodiment, the 

55 first and second subsonic venturi restrictions are con- 
figured to have substantially the same throat pres- 
sure for a predetermined ratio of the flow rate of the 
exhaust through the throat of the first subsonic ven- 
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turi restriction to the flow rate of the extracted sample 
through the throat of the second subsonic venturi re- 
striction. 

In another embodiment of the invention, a meth- 
od for sampling the emission content of exhaust from 
an exhaust source is provided. This method compris- 
es the steps of establishing a flow of exhaust in a flow 
confining path, measuring the flow rate of the ex- 
haust using a first subsonic venturi restriction, meas- 
uring the flow rate of an extracted sample of the ex- 
haust using a second subsonic venturi restriction, and 
controlling the flow rate of the exhaust through the 
first subsonic venturi restriction and the flow rate of 
the extracted sample through the second subsonic 
venturi restriction to obtain proportional sampling. In 
accordance with another feature of this embodiment, 
the method further includes the step of maintaining 
substantially the same throat pressure in the first and 
second subsonic venturi restrictions for a predeter- 
mined ratio of the flow rate of the exhaust through the 
throat of the first subsonic venturi restriction to the 
flow rate of the extracted sample through the throat 
of the second subsonic venturi restriction. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a diagrammatic illustration of a sub- 
sonic venturi proportional and isokinetic sampling ap- 
paratus constructed in accordance with embodi- 
ments of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS OF THE INVENTION 

Referring to Figure 1 of the drawings, a subsonic 
venturi proportional sampling apparatus for sampling 
and measuring the emission content of exhaust from 
a source is depicted and ie identified generally by the 
reference numeral 11. The apparatus 11 comprises a 
tail pipe adapter 12 for coupling to an internal com- 
bustion engine exhauettail pipe 1 3. Exhaust from the 
tal pipe 1 3 is introduced through an exhaust inlet pipe 
14 into a primary fluid flow confining path or line, des- 
ignated generally by the reference numeral 15. 

The primary flow confining path 15 may include 
at its upstream end near its connection with inlet pipe 
14 a mixing duct 16 which is coupled to an air stack 
17 that receives ambient inlet air through a fitter as- 
sembly 1 8. This filter assembly 1 8 may be implement- 
ed using a series of stacked filters such as a pre-f ilter 
1 9. a charcoal filter 21 and an absolute filter 22. When 
used, the filter assembly 18 serves generally to pro- 
vide a supply of relatively .polKjtion-free inlet air which 
is mixed in the mixing duct 16 with the exhaust from 
the internal combustion engine or other exhaust 
source coupled to the exhaust inlet pipe 14 to provide 
an exhaust/inlet dilution air mixture which flows 
through the primary flow confining path 15. 



A compressor unit or pump 23 is coupled in the 
primary flow path 15 and provides vacuum pressure 
to establish the flow of the mixture or exhaust, some- 
times referred to herein as the bulkstream flow, in the 

5 primary flow path 1 5. The flow esta Wishing compres- 
sor unit or pump 23 vents to the atmosphere through 
a discharge vent 24. 

An adjustable flow control valve 26 upstream of 
the pump 23 is provided for controlling the bulkstream 

10 flow rate t hroug h a calibrated subsonic venturi restric- 
tion 27 which is used for measuring the bulkstream 
flow rate. The flow control valve 26 Is electrically con- 
nected to a control unit 28, which may be a digital or 
analog computer, for automatic adjustment of the 

15 bulkstream flow rate. Although computer controlled 
adjustment is preferred, the system may alternatively 
be arranged so that the valve 26 is manually adjust- 
ed. 

The control valve 26 may be eliminated if a van- 
20 able speed compressor, turbo compressor, or variable 
speed positive displacement pump is used as the flow 
establishing means in place of a single speed com- 
pressor or pump 23. In this case, the variable speed 
pump, compressor or turbocompressor preferably will 
25 be electrically connected to the control unit 28 for au- 
tomatic adjustment of the bulkstream flow rate. 

It should be noted that the flow rates referred to 
herein with respect to the present invention are mass 
flow rates. 

30 In operation, e sample of the exhaust or mixture 

is extracted from a sampling zone 29 in the primary 
flow path 15 by another calibrated subsonic venturi 
restriction 31 and flows through a sample flow path 
or line 32. A pump 33 provides a sufficient vacuum in 

35 the sample line 32 to establish sample flow through 
the subsonic sample venturi 31 into line 32. An adjust- 
able flow control valve 34 is positioned in the sample 
flow path 32 upstream of the pump 33 to regulate the 
sample flow rate through the sample line 32 and the 

40 subsonic sample venturi 31 which is used to measure 
the sample flow rate. This valve 34 along with the 
valve 26 or variable speed flow establishing means 
are controlled so that the flow rate of the extracted 
sample is proportional to the flow rate of the bulk- 

45 stream flow so as to obtain proportional sampling. 

The bulkstream flow rate is obtained using a pres- 
sure transducer 35 which measures the pressure dif- 
ference between the sampling zone 29 upstream of 
the inlet of venturi 27 and the pressure at the throat 

so of the venturi restriction 27, and a temperature trans- 
ducer 38 and pressure transducer 39 which measure 
the temperature and pressure respectively upstream 
of the venturi 27. The extracted sample flow rate is 
obtained using a pressure transducer 36 which meas- 

55 ures the pressure difference between the sampling 
zone 29 and the pressure at the throat of the venturi 
restriction 31 , and the temperature transducer 38 and 
pressure transducer 39 which measure the tempera- 
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ture and pressure respectively upstream of the ven- 
turi 31. 

These transducers 35, 36, 38 and 39 are each 
electrically connected to the computer control unit 28 
and are each adapted to transmit electrical signals to 5 
the control unit 28 indicative of the measured pres- 
sure or temperature conditions. The control unit 28 
then computes the bulks tream flow rate and sample 
flow rate through their respective Venturis 27 and 31 
based on the signals received from these transducers 10 
35, 36, 38 and 39 and from the individual calibration 
data of the Venturis 27 and 31, which have been pre- 
viously calibrated and the data stored In the control 
unit 28, in accordance wit h well known equations. The 
bulkstream and sample flow rates through the verrtu- is 
(is 27 and 31 respectively are computed on a contin- 
uous basis so that the computer control unit 26 may 
monitor the flow rates and transmit electrical signals 
to the valve(s) 26 and/or 34 to adjust the bulkstream 
and/or extracted sample flow rates so as to maintain 20 
the desired flow rate ratio which may be slightly al- 
tered during a testing period by fluctuations in the sys- 
tem. 

In accordance with other features of the inven- 
tion, the calibrated subsonic venturl restrictions 27 25 
and 31 are designed so that they have the same pres- 
sures in their throats, measured by the pressure 
transducers 35 and 36 respectively, at a desired ratio 
of the flow rate through bulkstream subsonic venturi 
27 to the flow rate through sample subsonic venturi so 
31. In this case, the cross-sectional areas exposed to 
the bulkstream or sample flow of the subsonic venturi 
restrictions 27 and 31 are preferably designed and 
configured so that the ratio of the cross-sectional 
throat area of venturi 27 to the cross-sectional throat 35 
area of venturi 31 equals the ratio of the flow rate 
through venturi 27 to the flow rate through venturi 31 . 
When these design configurations are incorporated, 
the apparatus 11 may be operated to provide propor- 
tional isokinetic sampling wherein V 1 (the bulkstream 40 
flow velocity in sampling zone 29) and V 2 (the sample 
flow velocity at the inlet of venturi 31) are equal. 

Isokinetic sampling Is a particular type of propor- 
tional sampling and may generally be described as 
the extraction of a representative sample at the same 45 
gas velocity as the non-extracted gas such that the 
process does not disturb the gas flow, resulting In a 
more representative sample that Is not effected by 
the method of extraction, such as particulate sample 
measurements. Under proportional isokinetic sam- so 
pling conditions, the ratio of the flow rata through ven- 
turi 27 to the flow rate through venturi 31 is typically 
one hundred-to-one. However, other flow rate ratios 
may also be used to provide proportional isokinetic 
sampling depending on the specific design corrfigur- 55 
ations of the Venturis 27 and 31. 

Moreover, in a system In which the kJsal flow rate 
is ons hundred-to-one for proportional isokinetic sam- 



pling, flow rates such as seventy-five- to-one or fifty- 
to-one may be used. In this instance, the system will 
only approximate isokinetic sampling but will provide 
proportional sampling. 

For proportional isokinetic sampling a differential 
pressure transducer 37 is used to monitor the pres- 
sure difference between the throats of the Venturis 27 
and 31. If a pressure difference is measured by the 
pressure transducer 37, a correction signal is trans- 
mitted by the transducer 37 to the control unit 28 
which, in turn, monitors and controls the pressure dif- 
ferential. When it receives the correction signal, the 
control unit 28 transmits a signal to the control valve 
34 to adjust the sample flow rate through subsonic 
venturi restriction 31 to nul the pressure difference 
signal so that the pressure transducer 37 is main- 
tained at minimum value (i.e., zero) to maintain the 
desired flow rate ratio. Pressure transducer 37 may 
be chosen with a more sensitive operating range than 
pressure transducers 35 and 36 to provide a higher 
amplitude correction signal. 

By using two subsonic Venturis, one 27 for the 
bulkstream flow and the other 31 for the sample flow, 
which may be operated over a range of flow rates, ad- 
justable and proportional sampling may be achieved. 
In a particular case, the geometries of bulkstream 
subsonic venturi 27 and sampling subsonic venturi 31 
may be arranged such that the velocities of the bulk- 
stream and sample flow rates are equal, thereby pro- 
viding isokinetic sampling conditions. In addition to 
proportional and isokinetic sampling, active flow con- 
trol is also provided. 

It should be noted that ff the air stack assembly 
1 8 is not used, a raw exhaust sample may be extract- 
ed which is then diluted in the sample line 32. In this 
case, a filter may be located in the sample path 32 up- 
stream of the flow control valve 34 to remove partic- 
ulates from the raw exhaust In addition, a dry gas 
supply line may be coupled to the sample line 32 up- 
stream of t he flow control valve 34 and filter. The flow 
rata of the dry gas which is used to dilute the extract- 
ed raw sample may be regulated by a mass flow me- 
ter that Is coupled in the dry gaa line. An example of 
a system wherein no air stack is used and instead a 
raw exhaust sample is extracted and diluted in the 
sample line ia set forth in U.S. Patent 5.184,501 en- 
titled "Exhaust Sampler And Control Means/ issued 
February 9, 1993 from application serial number 
695,606, filed May 3, 1991 in the names of Gary W. 
Lewis et al. and assigned to the assignee of this ap- 
plication. The disclosure of this U.S Patent ia incorpo- 
rated herein by reference. 

It should be readily apparent from the foregoing 
description that a highly effective exhaust proportion- 
al sampling apparatus for sampling the emission con- 
tent of exhaust from an exhaust source, as well as 
proportional sampling methods, have been illustrated 
and described. Using a pair of calibrated subsonic 
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Venturis and the controls associated with the appara- 
tus, a desired flow rate ratio of the exhaust or bulk- 
stream flow rate to the sample flow rate may be main- 
tained so as to obtain proportional sampling. The sub- 
sonic Venturis may also be specifically configured 
and operated to achieve isokinetic sampling, wherein 
the exhaust flow velocity and sample flow velocity 
are equal. Although embodiments of the invention 
have been illustrated and described, various changes 
and modifications may be made without departing 
from the spirit and scope of the invention, as defined 
by the appended claims. 



Claims 

1. An apparatus for sampling the emission content 
of exhaust from an exhaust source comprising an 
exhaust inlet adapted for connection with the ex- 
haust source, a flow confining path for the ex- 
haust from the exhaust source, a flow establish- 
ing device coupled with said flow confining path 
for establishing a flow of the exhaust in said flow 
confining path, means for measuring the flow 
rate of the exhaust comprising a first subsonic 
venturi restriction, means for measuring the flow 
rate of an extracted sample of the exhaust com- 
prising a second subsonic venturi restriction, and 
means for controlling the flow rate of the exhaust 
through said first subsonic venturi restriction and 
the flow rate of the extracted sample through 
said second subsonic venturi restriction for ob- 
taining proportional sampling. 

2. An apparatus as recited in Claim 1, wherein said 
first and second aubsonic-venturi restrictions 
have substantially the same throat pressure for a 
predetermined ratio of the flow rate of the ex- 
haust through the throat of said first subsonic 
venturi restriction to the flow rate of the extracted 
sample through the throat of said second sub- 
sonic venturi restriction. 

3. An apparatus as recited in claim 2. wherein the 
ratio of the cross sectional area of said first sub- 
sonic venturi restriction to the cross sectional 
area of the second subsonic venturi restriction is 
substantially equal to the ratio of the flow rate of 
the exhaust through the throat of said first sub- 
sonic venturi restriction to the flow rate of the ex- 
tracted sample through the throat of said second 
subsonic venturi restriction. 

4. An apparatus as recited in claim 2, further com- 
prising a differential pressure measuring device 
for measuring the pressure differential between 
the exhaust in the throat of said first subsonic 
venturi restriction and the extracted sample in the 



throat of said second subsonic venturi restriction 
and transmitting a correction signal to said sam- 
ple flow rate controlling means for adjusting the 
flow rate of the extracted sample so that the pres- 
5 sure differential between the exhaust in the 

throat of sekJ first subsonic venturi restriction and 
the extracted sample in the throat of said second 
subsonic venturi restriction is maintained at mini- 
mum value. 

10 

5. An apparatus as recited in claim 1. further com- 
prising a temperature measuring device and a 
first pressure measuring device for measuring 
the temperature and pressure respectively of the 

is exhaust upstream of said first and second sub- 

sonic venturi restrictions, a second pressure 
measuring device for measuring the pressure at 
the throat of said first subsonic venturi restriction 
and a third pressure measuring device tbrmeas- 

20 uring the pressure at the throat of said second 

subsonic venturi restriction. 

6. An apparatus as recited in daim 3, further com- 
prising a control unit for computing the flow rates 

26 of the exhaust and the extracted sample based 

on signals received from said temperature meas- 
uring device and said first, second, and third 
pressure measuring devices. 

so 7. An apparatus as recited in claim 1, wherein the 
velocity of the exhaust in proximity to the inlet of 
said second subsonic venturi restriction is sub- 
stantially equal to the velocity of the extracted 
sample at the inlet of said second subsonic ven- 

35 turi restriction so as to provide isokinetic sam- 

pling. 

8. A method for sampling the emission content of 
exhaust from an exhaust source comprising the 

40 steps of establishing a flow of exhaust in a flow 

confining path, measuring the flow rate of the ex- 
haust using a first subsonic venturi restriction, 
measuring the flow rare of an extracted sample of 
the exhaust using a second subsonic venturi re- 

45 striction. and controlling the flow rate of the ex- 

haust through said first subsonic venturi restric- 
tion and the flow rate of the extracted sample 
through said second subsonic venturi restriction 
to obtain proportional sampling. 

so 

9. A method as recited in Claim 8, further compris- 
ing the step of maintaining substantially the same 
throat pressure in said first and second subsonic 
venturi restrictions for a predetermined ratio of 

55 the flow rate of the exhaust through the throat of 

said first subsonic venturi restriction to the flow 
rate of t he extracted sample through t he t hroat of 
said second subsonic venturi restriction. 
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